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ABSTRACT

In this work, a new approach for enzyme activity monitoring is suggested. It is based on the real-
time imaging, by atomic force microscopy (AFM) and magnetic force microscopy (MFM), of the
degradation of a nanoparticles-loaded enzyme responsive layer, namely Fes;O4-nanoparticles-
loaded gelatin. The roughness analysis allowed the quantification of the trypsin-induced ferrogel
degradation and the correlation of the AFM and MFM data obtained.

Introduction

Nowadays, the atomic force microscopy, developed in
the mid-1980s [1], is recognized as one of the most
important tools for imaging, measuring, analyzing and
manipulating matter at the nanometer scale. The basic
principles of the technique and its multiple applications
in physical, chemical, material and life sciences have
been extensively reviewed and reported in the literature
[2]. It is noteworthy to highlight that the ability of the
atomic force microscopy to be used in liquid media and
to image non-conductive surfaces makes it particularly
suitable for biological samples characterisation. Biologi-
cal applications include: (i) direct imaging of molecules,
cells, tissues and biomaterials and (ii) molecular interac-
tions investigation, such as DNA replication, protein syn-
thesis,  antigen-antibody, and  receptor-ligand
interactions, among others [3-7]. The technique has also
been applied for enzyme-substrate interactions studies
and characterization of immobilized enzyme molecules
on biosensor surfaces [8-11], but only a few papers com-
ment on the atomic force microscopy application to
enzyme activity exploration. Radmacher et al. [12] report
direct observations of enzyme activity based on the
detection of the height fluctuations of the cantilever. Sin-
gle-binding events between acetylcholinesterase and its
substrate acetylcholine have been shown by recording
force spectra [13,14]. Indirect mapping of enzyme activ-
ity was demonstrated by imaging phospholipase and
the time course of lipid bilayer degradation [15-18].
Other enzyme activity and kinetics studies are based on
the detection of the molecular byproducts during
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enzymatic conversion [19,20]. Recent studies demon-
strate that, although AFM enables several research
options [21,22], its capability for enzyme activity imaging
remains not completely exploited.

In this work, a new approach for enzyme activity mon-
itoring is suggested. It is based on the real-time imaging,
by atomic force microscopy (AFM) and magnetic force
microscopy (MFM), of the degradation of a nanopar-
ticles-loaded enzyme responsive layer, namely Fe30,4-
nanoparticles-loaded gelatin. During the enzymatic gela-
tin degradation by trypsin as an example, the nanopar-
ticles also leave the sensitive layer together with the
substrate degradation products, as previously confirmed
by quartz crystal microbalance (QCM)-based measure-
ments [23,24].

Materials and methods
Reagents

Gelatin from porcine skin (Type A, G2500) and trypsin
from bovine pancreas (T9201, >7500 BAEE units/mg
solid) were purchased from Sigma. All the other chemi-
cals were of analytical reagent grade and were used
without further purification. Enzyme activity was verified
applying the standard spectrophotometric assay proto-
col of Sigma-Aldrich [25]. Data obtained under different
storage conditions were consistent with those defined
by the manufacturer.

Fes0,4-nanoparticles-loaded gelatin hydrosol was pre-
pared as described by Gordon et al. [26]. In brief, 240 uL
FeCl,.4H,0O solution (10 mmol/5 mL 0.01 N HCl) were
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added to 80 mL aqueous solution containing 240 mg
porcine gelatin, followed by the addition of 86 ulL
NaNO; solution (6 mmol/5 mL H,0). After a reaction
time of 10 min, the pH was raised to 9.5 by adding an
aqueous solution of NaOH (1 N). This procedure was
repeated four times more. Excess reagents were
removed by extensive dialysis against water, which also
neutralised the nanoparticle dispersion. The obtained
hydrosol was kept at 4 °C and was stable for several
months. Ferrogels formation was achieved as described
below.

Atomic force microscopy (AFM) and magnetic force
microscopy (MFM)

Ferrogel surface imaging was performed by using a com-
mercial Nanoscope Ill AFM (Digital Instruments, Santa
Barbara, California, USA). The experiments were carried
out in air at ambient conditions, applying the imaging
technique ‘tapping mode’ with a standard geometry
probe model TESP (Si) in the frequency range of 325-
382 kHz (Veecoprobes). All images were taken in flatten
mode and a scan size of 5 um at a relatively low scan
rate (ca. 1 Hz) to avoid sample damage.

MFM measurements were performed in lift mode. Soft
tapping conditions were used to avoid particle displace-
ments, surfactant indentation or height artifacts [27]. The
tip magnetisation was directed perpendicularly to the
sample surface. The magnetic signal was recorded using
the phase-detection technique. Magnetic tape from Digi-
tal Instrument was used as a control. To improve imaging,
the AFM and MFM scans were decoupled and tuned sep-
arately. The drive amplitude of 2 V combined with the lift
height of 100 nm resulted in an improved signal-to-noise
ratio. Hence, despite the reduction of the intensity of the
signal, the magnetic features were better resolved as
described by Kebe et al. [28].

Image analysis

Magnetization versus particles density per unit area was
evaluated using commercial software SPIP™ (Scanning
Probe Image Processor) version 6.2.4 from Image Metrol-
ogy A/S, Horsh@lm, Denmark, in order to quantify the
total number of particles. The particle and pore analysis
module was selected to compare topography-(AFM) and
magnetic-(MFM) with watershed-packed features. For
features detection, the image was coloured randomly,
according to the height ratio. The smooth shape con-
tours offered discrimination of fixed features for particle
agglomerations larger than 100 nm. Advanced settings,
e.g. detail level, finest filtering and slope noise reduction,
were set up to achieve coverage of about 97% or more.

Sample preparation

The Fe;04-nanoparticles-loaded gelatin hydrosol (8 L)
was dropped onto the surface of a QCM gold-coated
crystal (AT-cut/8 MHz, 13.7 mm crystal diameter and
5.11 mm diameter of the gold disk). The Fe304-gelatin
hydrosol was dried for 1 h at ambient temperature to
obtain a ferrogel, which was used as a trypsin substrate
and sample for AFM and MFM studies. The QCM-sensors
for enzyme activity determination, described in our pre-
vious works were constructed applying a similar protocol
[23,24]. The sample assembling scheme is presented in
Figure 1.

Results and discussion
AFM imaging of the ferrogel degradation

The principal impetus for the characterization of the
ferrogel surface was to demonstrate the possible cor-
relation between surface degradation and trypsin
activity. Above all, the topology change sequence
presented in Figure 2 demonstrated that the trypsin-
induced ferrogel degradation is time dependent. The
deposited ferrogel layer before its exposure to the
trypsin action is uniform (Figure 2(a)). A complete sur-
face coverage with homogeneously distributed nano-
particles, as well as the formation of a small number
of agglomerations was observed. Ferrogel exposure
to trypsin for 5 min provoked drastic modifications
(Figure 2(b)). The uniformity of the ferrogel layer was
altered and its roughness was markedly increased.
The topological changes were attributed to the
strong interaction between the enzyme and its sub-
strate and the rapid dissolution of the obtained prod-
ucts. Such a degradation model was suggested in our
previous works to explain the increase of the fre-
quency response of the QCM-based sensors for
enzyme activity evaluation [23,24]. Longer exposure
time (30 min) resulted in layer flattening, followed by
the almost complete ferrogel degradation within
60 min of exposure time, and roughness increase, as
illustrated by Figure 2(c,d). The comparable topogra-
phies of the ferrogel layer after a 60 min exposure
time to the trypsin action (Figure 2(d)) and the topog-
raphy of the unmodified gold-coated quartz crystal
(Figure 2(e)) confirmed that the layer degradation
process was achieved. These results clearly demon-
strate that AFM-imaging could be successfully applied
for monitoring the progress of the degradation of the
enzyme responsive layer deposited onto the QCM
surface and the enzyme activity could be correlated
with the layer topography changes.
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Figure 1. Sample assembling scheme.
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Figure 2. Trypsin-induced ferrogel degradation monitoring: 0 min (a), 5 min (b), 30 min (c) and 60 min (d) exposure time; and unmodi-
fied gold-coated quartz crystal (e). Note: Trypsin concentration: 0.1 ;g/mL.
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Figure 3. Topography (a) and magnetic phase (b) image of the QCM untreated surface. Note: Images scale 5 pum.

MFM imaging of the ferrogel degradation

MFM is an advanced method to study magnetic surfaces,
including non-conductive samples. Magnetic long-range
interactions are measured by the exclusion of the con-
duction electrons [29].

In the present work, the selected area in all experi-
ments was previously delimited and indicated. The
obtained AFM and MFM images of the untreated and
unmodified with a ferrogel QCM surface are shown in
Figure 3. The dark and light areas on the AFM image cor-
respond to the depths and heights of the surface,
respectively. The MFM image did not display a significant
colour change, thus confirming the absence of magnetic
behaviour, as expected for the surface without any
treatment.

-] 100 200 o

The additional AFM measurements demonstrated
that the modification of the QCM surface by a ferrogel
results in the formation of a smooth and uniform film
(Figure 4(a)), as commented in the previous section. The
MFM image (Figure 4(b)) revealed the appearance of
several deeps in dark colour, which corroborates with
the presence of magnetism, due to the Fe;0, nanopar-
ticles incorporation.

Further experiments visualize the progress of the ferro-
gel degradation process with time during ferrogel expo-
sure to the trypsin action by MFM imaging (Figure 5). The
appearance of increasing dark areas indicates the
enhancements of the magnetic properties with time,
which was attributed to the progressive gelatin digestion
and appearance of uncoated Fe;O4 nanoparticles.

- 300

200

Figure 4. Topography (a) and magnetic phase (b) image of the ferrogel film deposited onto the QCM surface. Note: Images scale

350 nm.
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Figure 5. Magnetic phase image of ferrogel film exposed to trypsin action: 5 min (a), 30 min (b), 60 min (c) of exposure time. Note:

Images scale 5 um.

AFM and MFM images correlation

The roughness analysis allows the quantification of the
trypsin-induced ferrogel degradation and the correlation
of the AFM and MFM data obtained. For this purpose,
the values of the root mean square average of the profile
heights over the evaluation length (RMS) were assessed.
RMS values were plotted as a function of the time of
exposure of the ferrogel to the trypsin action, as shown
in Figure 6.

As reported before, the heavy nanoparticles and prod-
ucts of the gel enzymatic degradation leave the substrate
layer, promoting a great decrease of the QCM crystal

mass. The calculated RMS values obtained from the AFM
measurements confirm the above-reported findings. In
addition, the measurements in MFM mode showed a sim-
ilar degradation tendency and an increase of the mag-
netic force gradient by prolonged enzyme activity. It
results from the surface exposure of uncoated Fes0, mag-
netic nanoparticles on the surface top layer as a conse-
quence of the gelatin digestion process (Figure 5). Hence,
the combination of AFM and MFM techniques offers com-
plementary results to the study by conventional QCM
analysis, because of the monitoring of the progress of the
superficial changes during enzyme activity.

3
MFM/nm

: : 1 0

10 20 30

Trypsin treatment time / min
-+ AFM 4 MFM

40 50 60 70

Figure 6. Quantification of the trypsin-induced ferrogel degradation.
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Figure 7. Particle analysis: QCM surface (a); ferrogel surface before its exposure to trypsin action (b) and after 5 min (c), 30 min (d) or
60 min (e) of exposure to trypsin action. Note: Analysed area 5 x 5 um.
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Figure 7. (Continued)

Particle quantification

Surface image processing and data analysis were per-
formed to quantify the nanoparticles present on the sur-
face of the studied sample. The obtained AFM top view,
MFM phase top view, and MFM top view images are
shown in Figure 7. The first one of each two rows
presents the non-processed images and the second one
presents the images processed by particle analysis.

The number of particles determined by analyzing the
AFM top view and the MFM phase top view images
obtained in identical conditions was practically constant.
This result is due to the specific morphology information
provided by the methods applied. For comparison, an
increased number of particles were found by analyzing
the MFM top view images, which allowed confirming the
enzymatic degradation of the gelatin layer leading to
the appearance of uncoated magnetic nanoparticles.
The obtained data were summarized and graphically
presented in Figure 8.

The decrease in the number of the Fe;04 nanoparticles
on the sample surface with the time of exposure to the
trypsin action completely corroborates with the results
obtained by QCM analysis [23]. The release of nanopar-
ticles during the enzymatic substrate degradation by

trypsin, i.e. the reduction of their number onto the QCM
surface caused a QCM frequency increase. It was clearly
noticed that the film degradation and magnetic particles
release occurs primary during the first 5-7 min. It is in
perfect agreement with the changes in the film surface
roughness presented above. Such a combination of AFM
and MFM techniques allows monitoring of the film sur-
face properties at the nanometric level and offers a new
insight to the study of the formation and wearing-decom-
position of modified-functionalised surfaces, including
highly complex multi-layered nanodrugs.

The obtained results are in very good agreement with
a previous study, where the QCM frequency change for
the same samples was measured [23]. It was found that
the QCM frequency decreases significantly by higher
enzyme activity, due to the very rapid film degradation.
By such comparison, it could be concluded that AFM
and MFM are effective tools for enzyme activity monitor-
ing and nanostructured surfaces characterization. They
offer valuable data for complete interpretation of the
QCM measurements. In addition, we suggest using the
AFM and MFM techniques for detailed analysis of com-
plex multi-layered modified surfaces or assembilies, like
nano-drugs.
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Figure 8. Total number of particles change with ferrogel time of exposure to trypsin action.

Conclusions

AFM and MFM were applied for imaging and quantifica-
tion of the trypsin-induced ferrogel degradation. It was
demonstrated that the topological modifications pro-
voked by the enzyme action could be correlated with
the magnetic behaviour of the Fe;04 nanoparticles. All
findings show that the magnetic nanocomposite hydro-
gel film degradation is very fast (5-7 min) and that the
magnetic particles leave the film surface due to gelatin
film decomposition. MFM analysis allows us to assess the
magnetic particle distribution after every step of degra-
dation, at nanometric scale. The AFM and MFM techni-
ques could be used for detailed analysis of nano-drugs.
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